Abstract: A stress analysis is described for a nuclear steam generator tubesheet with a thin, or irregular ligament, associated with a mis-drilled hole using the rules of ASME (American Society of Mechanical Engineers) B & PV Section III and non-mandatory Appendix A, Article A-8000 for stresses in perforated flat plates. The analysis demonstrates the proper application of the NB-3200 rules for this special application, with discussion of the differences between an actual tube hole deviation and what is assumed in ASME Appendix A. This is a companion paper to "Technical Justification Supporting Operation with a Tube Installed in a Mis-Drilled Hole of a Steam Generator Tubesheet".
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Introduction
Perforated plate stress analysis has been performed for decades using a methodology that was established in the early 1960s [1] . That methodology was introduced to the ASME (American Society of Mechanical Engineers) Boiler and Pressure Vessel Code for Nuclear Components (Section III) in the Summer 1966 Addenda to the 1965 Edition as non-mandatory Appendix I, Article I-9 "Stresses in Ligaments" [2] . This same methodology is present with minor editorial changes in the current 2011 Addenda of the 2010 Edition of Section III as Appendix A, Article A-8000 [3] . This methodology allows the tubesheet to be analyzed as if it is a solid plate, followed by the application of stress multipliers that were derived from experiments as a function of the tube hole size and pitch. The conversion of a plate with drilled holes to an equivalent solid plate is accomplished by using a modified Young's modulus and Poisson's ratio that is based on tests of plates with various tube hole diameter-to-pitch ratios or ligament efficiencies.
The original methodology also included a procedure for evaluating stresses for a mis-drilled hole with a thinner than nominal ligament. The mis-drilled hole configuration assumed that the hole was out-of-position through the entire thickness of the tubesheet, i.e., parallel to the neighboring holes.
The stress analysis described in this paper is based on the more realistic as-fabricated condition where the mis-drilled hole is not parallel to the neighboring holes. In this case, the drilling of the hole begins at the appropriate position and then drifts away from the intended path, to exit the opposite side of the tubesheet with an out-of-position condition. The limiting location for this condition is at the thinnest ligament location.
The structural analysis of the tubesheet, channel head, and lower shell complex involves several simplifications. This paper discusses some of them.
The paper is organized as follows: Section 2 describes the geometry of the tubesheet used in the analysis; Section 3 introduces the method for evaluating the stresses in a nominal ligament, developed through Sections 4 to 8; Section 4 clarifies the evaluation of thermal skin stresses; Section 5 includes the method for calculating the stresses in the ligament due to the pressure inside the tubes; Section 6 presents the evaluation of primary stresses; Section 7 presents the evaluation of primary plus secondary stresses and Section 8 shows the peak stress intensity and fatigue; Section 9 starts the evaluation of a thin ligament; Sections 10 shows average stress intensity limit; Section 11 presents peak stress intensity limit ; Section 12 shows peak stress intensity evaluation; Section 13 gives conclusions; Section 14 presents the acknowledgments; finally, Section 15 includes a list of references used. Fig. 1 shows the dimensions of an axisymmetric model of a typical steam generator tubesheet, channel head and lower shell configuration. All parts are constructed using SA-508, Grade 3, Class 2 low alloy steel [8] . The tubesheet that is modeled has 14,440, 0.75 inch diameter holes for 7,220 U-tubes. For simplicity, the tube outer diameter is assumed to be equal to the hole diameter. The distance of holes (the tube pitch) is 1 inch and the holes are arranged in an equilateral triangular pattern. This produces a 0.25 The actual tubesheet has a hot leg side where the heated reactor coolant enters the steam generator tube bundle. The hot leg side has 7,220 holes, each containing the hot leg end of the 7,220 U-bend tubes. The U-bend tubes transfer heat from the reactor coolant to the secondary side fluid to produce steam, and the reactor coolant exits the bundle through the cold leg side of the tubesheet. The hot leg and cold leg sides of the tubesheet are separated by a non-drilled (solid) tubelane that extends across the full diameter of the tubesheet. The steam generator also has a solid divider plate that joins the tubesheet to the channel head and forces the hot reactor coolant to flow through the U-tubes.
Geometry of the Tubesheet
It is possible to evaluate the tubesheet stresses using a 3D finite element model that contains the non-perforated tubelane and the divider plate. However, since the original equivalent solid plate methodology is based on an axisymmetric structure, it is acceptable to treat the pressure boundary as being axisymmetric, assuming the entire tubesheet to be perforated (neglecting the tubelane and divider plate).
The location of the mis-drilled hole used in this analysis is shown in Fig. 2 .
The mis-drilled hole is located 42.73 inches from the center of the tubesheet (on the primary side) where the nominal primary side ligament is 0.25 inch. The secondary side ligament is assumed to be 0.1 inch. The mis-drilled hole geometry is shown in Fig. 3 .
Stress Evaluation-Nominal Ligament
ASME Section III Appendix A, Article A-8000 [3] provides a methodology for determining stresses in perforated plates. This methodology first calculates the ligament stresses at a nominal ligament and then modifies the result to account for an irregular or thin ligament. Following is a discussion of the stress analysis of the nominal ligament at the radial position of the mis-drilled hole (i.e., DS1 in Fig. 1 ).
The tubesheet loadings used in this example include pressure differences and thermal differences for 10 transient events across the tubesheet thickness. The metal temperature in the perforated region of the tubesheet is equal to the tube inside temperature (either reactor coolant hot leg temperature or cold leg temperature) through most of the tubesheet thickness, with the exception of a thin zone at the secondary face where secondary side water cools the tubesheet. The tubesheet surface stresses caused by this local cooling are called thermal skin stresses.
Additional thermal stresses are produced by the thermal interaction between the tubesheet perforated region and the adjacent, non-perforated part of the tubesheet and the attached channel head, and lower shell. These thermal stresses are called gross thermal interaction stresses.
The pressure induced stresses and the gross thermal interaction stresses are calculated using an ANSYS [5] finite element model based on the equivalent solid plate properties as defined by A-8130 [3] . The secondary side surface temperatures are calculated using the finite element model; but the skin stress is not. The thermal skin stress is calculated using the equation from A-8153 [3] . This is consistent with the recommendations of Slot and O'Donnell [1, 4] .
The tubesheet stress results at the secondary side location labeled DS1 in Fig. 1 are shown in Table 1 for a unit pressure loading (1,000 psi).
Thermal Skin Stress Evaluation
The thermal skin stress is calculated using Eq. (24) from A-8153 [3] ;
A-8153 tells the analyst to use Eq. (23); (24) was intended. The ASME acknowledged this editorial error in response to a 2012 code inquiry [6] .
The secondary side tubesheet metal surface temperature T s is calculated by ANSYS for each transient and the tubesheet mean temperature, T m is set equal to the average temperature in the tubesheet, which is the reactor coolant hot leg temperature for purposes of this analysis.
The thermal skin stress is not dependent on the ligament efficiency because the skin effect is localized near the surface of a very thick plate. The thick plate constrains the secondary surface so that its in-plane surface strains ε r and ε θ are zero. This assumption leads to the thermal skin stress equation: σ rskin = σ θskin Table 1 Tubesheet pressure stresses due to unit loads. 
incorporates a stress reduction factor, K skin based on the nominal ligament efficiency (η = 0.25) for the purpose of adjusting the thermal skin stresss, so it can be combined with the stresses from all of the other load cases using the equivalent solid plate method. Table 2 shows the thermal skin stresses for ΔT = (T m -T s ) = 100 ºF. Thermal skin stress is classified as peak stress (F).
Tube Internal Pressure Ligament Stresses
A-8110 (b) [3] acknowledges that the tubes stiffen the tubesheet. Nuclear steam generator tubes are expanded full depth into the tubesheet holes, increasing the tubesheet stiffness. This effect is conservatively ignored in this analysis; but this could be included if needed, to confirm structural acceptability.
The influence of the pressure loading inside the tubes is included, because it produces membrane stresses in the tubesheet ligaments. This effect is addressed in Eq. (13) of A-8132.4 [3] . This equation incorporates a stress reduction factor h/P, that adjusts the stresses due to the tube internal pressure, so they can be combined with the stresses from the other load cases that are based on the equivalent solid plate properties. The ratio of Young's modulus for the tube (E t ) to the Young's modulus of the tubesheet material (E) is included to account for the different properties of the tube and the tubesheet ligament. The ligament stresses due to tube internal pressure are listed in Table 3 . Table 2 Thermal skin stresses for 100 oF ΔT. 
Primary Stress Evaluation
The NB-3221.1 primary membrane stress intensity requirement [7] is to be satisfied based on the stresses due to mechanical and pressure loads. The membrane stress is averaged across the nominal ligament width (0.25 inch) and across the tubesheet thickness as required by A-8142.1 (a) [3] .
Using the membrane values of Tables 1 and 3 , the radial stress, averaged through the depth of the equivalent solid plate for DS1, and the larger value of Eqs. (16) and (17) [3] are calculated in Table 4 .
The NB-3221.3 primary membrane plus bending stress intensity requirement [7] is to be satisfied based on the stresses due to mechanical and pressure loads. The stresses at the surface of the tubesheet are averaged across the nominal ligament width (0.25 inch), as required by A-8142.1 (b) [3] .
Using the membrane plus bending values of Table 1  and membrane of Table 3 , the radial and hoop stresses for DS1 are calculated in Table 5 , according to Eq. (18) [3] :
Primary Plus Secondary Stress Range
The NB-3222.2 primary plus secondary stress intensity range requirement [7] is to be satisfied based on the stresses due to mechanical, pressure, and the gross thermal interaction loads. The stresses at the surface of the tubesheet are averaged across the nominal ligament width (0.25 inch), as required by A-8142.2 (a) [3] .
Using the membrane plus bending values of Table 5 and the gross thermal stresses, the radial and hoop stress for DS1 is calculated in Table 6 , according to Eq. (19) [3] :
Peak Stress Intensity and Fatigue
The peak stress intensity due to all loadings is limited by the NB-3222.4 cyclic fatigue requirement [7] . The total stresses at the surface of the tubesheet In most practical cases (and the example of this paper) the bi-axiality ratio (β) for pressure stresses and thermal stresses are different and vary during the transient history, and the principal stress angular orientations change during the transient history, so Eq.
In 2012, the ASME Section III Code Interpretations Committee ruled that the label "(c)" was an editorial error [6] , thus confirming that both Eqs. (20) and (21) [3] were intended as alternatives.
The peak stress intensity around the periphery of the hole at location DS1 is provided by Eq. (21) of Fig. A-8142.2c [3] . The angular orientation of the mis-drilled hole to the tubesheet drilling pattern (angle Φ) must be determined, so that the stress multipliers from Figs. A-8142-3 and A-8142-4 can be determined. Following is Eq. (21) from [3] .
where, S Φ = peak stress intensity at the angular orientation Φ; Figs. A-8142-3 and A-8142-4 are used, because they most closely match the angular orientation of the holes at DS1 (Fig. 4) where the angle is 5.8º from the actual radial orientation (for this location σ 2 ), which is less than the 7.5º value of applicability; η = nominal ligament efficiency (0.25); σ 1 * and σ 2 * are based on all loadings (except the ligament stresses due to the pressure in the tubes (Eq. (13) [3] ).
For angles Φ = 30º and Φ = 90º, the ligament stresses due to the pressure in the tubes have the maximum values in Eq. (13) [3] without any stress concentration factor, because it is calculated based on the real geometry (Fig. 5) .
The peak stress intensity is determined for all time steps of all transients for the fatigue evaluation.
The total stress results at location DS1 are listed in Table 7 . Table 8 shows the stress intensity calculated using Eq. (21) [3] for two representative angles around the hole, 0º and 90º. Finally, Table 9 shows the factors from Figs. A-8142-3 and A-8142-4 [3] and the cumulative usage factors for nominal ligament.
Stress Evaluation-Thin Ligament
Table NB-3217-1 [7] classifies the stress intensities at an isolated or atypical ligament (such as that found next to a mis-drilled hole). It states that membrane stress due to pressure is classified as secondary (Q) and bending is classified as peak (F). This means that the mis-drilled hole does not change the tubesheet primary stress margins for the design condition, service levels A, B, C and D, and/or the test condition for the tubesheet with nominal ligaments. The Triaxial stress requirement is also satisfied, because it is based on primary stresses.
The stress limits that must be satisfied at an irregular or thin ligament are found in Fig. A-8143 [3] . Fig. A-8143 .1 limits the average ligament stress intensity due to pressure plus other mechanical loads to 3.0 S m . The gross thermal discontinuity stresses should also be included (although not mentioned). This is consistent with the original work of O'Donnell [1] in his discussion of the thin ligament, and is consistent with the definition of secondary stresses. This stress intensity is based on stresses averaged across the thin ligament width and the tubesheet thickness (thus removing bending). This evaluation is similar to that performed to evaluate primary membrane in Fig. A-8142.1 (a) except that the actual width of the thin ligament (h a ) is used in place of the Line to the center of the tubesheet Table 7 Total stresses-nominal ligament.
Average Stress Intensity Limit (A-8143.1)
Total stress @ Sec. side node nominal width h. The membrane stress components from the equivalent solid plate for the nominal ligament that were multiplied by the P/h ratio are changed using the P/h a ratio for actual thin ligament. 
Peak Stress Intensity Limit (A-8143.2)
Paragraph A-8143.2 [3] describes the method for obtaining the peak stress intensity for a thin ligament.
The thin ligament peak stress intensity is computed by Fig. A-8142 .2b. As written, this cross-reference could be interpreted to exclude the use of the Fig. A-8142 .2c to calculate the peak stress intensity, but such an interpretation was not intended. This incomplete cross-reference was not present in the original text of the 1966 Addenda [2] when it was first introduced. The ASME Section III Committee for Code Interpretations confirmed that this was an editorial error that will be corrected in a future code edition [6] .
Peak Stress Intensity Evaluation
Eq. (21) [3] is modified to account for the thin ligament by multiplying the total stress for the nominal thickness ligament by the K m value from Fig.  A-8143.2-1 [3] . Therefore, the modified Eq. (21) appears as follows:
The peak stress intensities are calculated for each of the transient stress states considered in the fatigue evaluation.
Special consideration is required for angles Φ = 30º and Φ = 90º. In these angles, the ligament stresses due to the pressure in the tubes have the maximum values and it is added (Eq. (13) [3] ) without any stress concentration factor, because it is calculated in the real geometry. For other angles, this stress can be considered negligible (Fig. 5) . Therefore, for the thin ligament:
Tables 11-13 show the result of the process to obtain the stress intensity and cumulative usage factors for fatigue in a thin or irregular ligament.
The results of the analysis for the nominal 0.25" tubesheet ligament are compared to those of the thin 0.10" ligament in Table 14 . This comparison shows that the mis-drilled hole does not impact the primary plus secondary stress intensity range because of the different classification of stresses in a single, thin ligament (Table NB -3217-1 [7] ). The main influence of the mis-drilled hole is to increase the cumulative fatigue usage factor.
Conclusions
The methodology used to evaluate the structural integrity of a steam generator tubesheet with a mis-drilled hole is described and explained. The non-mandatory rules of ASME Appendix A, Article A-8000 [3] contains several ambiguities that are addressed and clarified. The analysis is applied to an actual, non-parallel mis-drilled hole and compared to a parallel mis-drilled hole as is assumed in Appendix A. It is shown that the main influence of a mis-drilled hole is on the cumulative fatigue usage factor. This method does not account for load redistribution around a thin ligament, so the fatigue result is conservative. The presence of mis-drilled holes or locally thin ligaments does not affect the primary stress margin in the tubesheet and does not reduce its overall structural integrity. Therefore, there is no consequence of a fatigue crack at any point within the tubesheet drilling-pattern, because it could not propagate beyond the local ligament. Consequently, the presence of mis-drilled holes within the tubesheet drilling pattern, although it may complicate tube installation, is a structurally acceptable condition.
